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ceeh of bhiz laboretory vemains the recombl

of moterial hevedity, For the most part, this proceeding aleng the Ilnes
of wuy pash work, with varicus collaborators and students concerning Sheme

selyee with difforent aspects. The detailed work s better swmmarized in

ihe seientifie publicstions, ubich are listed separately. Attachad 3
aecount of two main 1ires of work, having te do, respectively, with

pacterial protoplaszts and & prophage-linked system of transduction. ibe
protoplast work %s a rew live, and is being fellowed primarily in the hope

.

that it nay lead to 2 DMA.pedisted iransduction, or to new mechanismg of

.s-h

5613 fusicn, Tnoaddition, 1t is 2 basis of = blochemical-genstic

hacheriad csllienall syniheis,
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Dr. F, Qrakov, Dro T, Goskov (Copevhagen) Dr, W, Houmann {Prounschss
(ormzny) Vieiting Fellous,

Ny, M, Le Yorsa. dsseclate te June 30, 1956. Prasent sddress. Dept. Bioe
s University of Colorad u@dmua} School, Penver.
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Protoplasts.

In botanical usage a protoplast is the living content of a cell; lying
within the »igid cell wall, Atiention was focussed on bacterial protoplasis
in 1952 by Weibnll's demonstration thot the protoplasts of Paclllias mapsterism
could be releassd when the outer wall was dissolved by lysszyme. The proto-
plasts appeared as spherical bodies which could be maintained only in & hyper-
tonic protective medium, and promptly lysed when transferred to water. These
two criteria, spherical shape and osmotic fragllity, are the easiest to dis-
tinguish bacterial protoplasts from intact cells, In gramwpositive (but not
gramensgative) bacteria, moreover, the cell wall 1s readily demonstrated by

simple staining procedures,

The protoplasts of B, mepaterium have already been the subject of several
important studies--directed on one hand to the missing funciions of the cell
wall, on the other tc the use of protoplasts as easily disrupted and extracted
blosynthetic units, These results (e.g. Spiegelman and Landman 1956) stimu-
lated the hope of comparable experiments with E, coli a) for the unse of
already well-studied enzymatic mutants, phage, etc,, in physiological studiss,
and b) to test for the uptake of DNA (as genetic fragments) by the walleless
protoplasts,

Early in 1956, several investigators became interested in this problem
(Repaske and collaborators at Indians; Zinder at Rockefeller Institute) and
succeeded in finding special conditions under which lysozyme would dissolve
the existing walls of E. coli cells, Simultanecusly, in this laboratory,
penicillin was fournd to inhibit wall formation in growing cells, It had long
been known that penicillin lysed growing cells; by analogy with Weibullls
results, it was found that in a growth medium containing Y/3 sucrese and
M/50 Mg™*, this lysis was averted, and the cells transformed instead into
spherical, osmotically fragile 'protoplasts! (Lederberg, 1956), This ob-
servation also furnished clear evidence that the antibiotlc action of penieillin
depended on walleinhibition: the protoplasts would remain viabls only so long
as they were suspended in the protective medium, and rapidly lysed (and of
course died) when diluted in ordinary medium. On the other hand, if the peni-
ciilin was removed, the protoplasts gradually reverted to viable bacillary
forms, presumably by resynthesis of the normal wall, This hypothesis on the
mede of action of penicillin is in excellent accord with Park's firding of the
accumulation of cell-wall precursors in pemicillin-blocked staphylococci (ef,
Lederberg 19573 Park and Strominger 195'!??

The synthétic abilities of E, coll protoslasts were then studied: they
were found to contimme to grow (increase in mass and volume) many fold when
incubated in penicillin-broth, but without Increase in numbers, or micro-
scopically detectable proliferation, More specifically, the protoplasis were
also shoun to be capable of synthesizing large amounts of an inducible enzyme,
B-galactosidase (Lederberg 1956). Provocative biosynthetic studies on this
aystem are being actively pursued by Professor Spiegelman at the University
of Illinois, ; '

Our interests have been concentrated on a) a search for genetic inter-
actions between protoplasts of different genotypes, or betueen protoplasiz
and extracts, and b) the biclogy of protoplasts and L-forms. As to the former,
while compatible genotypes have been found to mate with either parent s proto-
plast, no new forms of genetic interaction (such as recombination betweern Fe
x F-, or protoplasis and extracts) have been found go far,
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except Lheir application to E. coli. Many authors have descrite d e
formation of spherical flarge bodies? under the influence of ns:m.f*il; i
{zee 2 rocant review by Lishernelster and Kellerbkerosr», 1956 =nd dhs aooe
tensive reports by Dicnes and Kliemeberger quoted the rc} and there are muny
hints (at least) of the osmotic fragility of the L-forms to which the large

bodies are reiated, The several studlies on L-forms have, however, so far
lacked a unifying principle that might transfer them from obscure morpholo-
glcal curiosities to generally interesting objects for quaniitative,
physiological study., The current studies on E, coli protoplasis sugpest
that the abgsence of a normal wall, whether by external inhibitlon or internsil
genetic defect, accounts for the L-form cycle,

As already mentioned, in broth the protoplasts E, coll fail to divide,
and after extensive increase in mass, eventually burst. After some empirical
experimentation, the conditions for proliferation intd L-forms have been
found. In addition to the protective medium already mentioned, these condie
tions are 1) a saitable strain, 2} at least 1,000 units of penicillin per
ml, 3) One percent agar (Difcos and lj) One percent meat axtract (Lomeo).
Scme of these conditions are quite rigorous, and have no certain explanation
at present., For exemple, while 100 units of penicillin is quite sufficisot
for the produciion of protoplasts in broth or agar, 10 tilmes this concentra-
tion is required for L-forms., Perhaps the lower concentration deez mnos
completely abolish wall-synthesis, and this is necessary for Leform develops
ment,

The transformations of individual cells have been followed by direct
phase microscopy of agar cultures. (In broth, a single blister appears whinl
balloons out to form a spherical protoplast), One or several blisters apiear,
to give either a spherical or a lobulate 'protoplast', Then, further blisters
may appear, to generate new lobes, or thin processes develop, the tips of
which then ballceon out at some distance from the original body, The connection
may later disappear, As a result of these processes, the cell develops into
a cluster of grancles and spheres of varicus sizes, ithe oftedescribed L=-colony.,
In 2 or three days, the L~colonies may reach a diameter of 2-3 mm,

The Lecclonlies may be transferred in series by grinding blocks of agar
in broth and plsting the minces. When plated with peniecillin, they regenerate
new Iecolonies; without peniecillin, only normal bacillary colonies develap
(even after 10 serial passages as L-forms). However, the viability of the
L-colony 1s \:pry lou, averaging only about 10 plating uniie per colony which
may contain 103 to i Oga vigible granules and spheres,

The requirement for agar is & physical onme: L-colonies will dewvelop in
amsll blecke of agar, while protoplasts at the surface or immersed with the
agar blocks in ths seme fluid medium will enlarpe and explode, L-colornies
which penstrated Lo an agar-glass interface formed a2 conglomerate of large
and small droplets which adhered imperfeetly to the glass,

These observations can be rationalized in the following working hypo-
thesiss in the abserce of the normal wall, the protoplast &ssumes a sphericsl
shape in an iscbzric medium by virtue of interfacial forces. There is no
mechanism by which it can divide its mass, It hes 2 fluld or semifluid
consistency and, in contact with glass which it wets to some extent, the
balance of interfacizl forces breaks it up into droplets of varying sizs, In
agar, however, the expanding protoprlast is subject to loc2l mechanical stresses,
from the fibrils in which it is emmeshed, and can therefore {low inito local
crevices in the agar, to give blisters or processes, At these pocints, there
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is a furiher weakening of the residual (1ipid?) membrane and sscondary or
daughter protoplasis are ultimately budded off, In a sense, the agar mesh
has taken over the functions of the missing wall. The lov wilability may
be & reflection of the cxtent to shich a daughter globule raceives an in-
tact genetie complement (nucleus), or simply o the mechanical fragliity
of thsse elemcnts.

This interpretation of L-forms is at present a working-hypothesis,
The basic observations are not preatly different from those of Dienes and
others workinz on different species., It happens that in E. coli, the osmotic
fragility of the protoplasts 1s especially pronounced, and therefore more
readily analyzed. In other bacteria, notably Streptobacilius moniliformis
whose L-forms can be cultivated in liquid mediw:, we may asuppose a stronger
residual wall or another layer is left, The liquide-culture L-formz of
Proteus appear to be instances where the structural ghosts of expleded proto-
plasts remain as an outer shell to provlde the framework in which still
viable units can proliferate at the center. Reports on the filtrability of
viable elemsnts of L-forms require seme circumspection: on the one hard,
most of the elements are not dramatically smaller than ordinary bacteria; on
the other, the fluidity or plasticity of the L-forms raises some questions
ag Lo the dimensions of the filtrable units, Insofar as these protoplasts
do behave zs naked globules of bacterial !'protoplasm! they may be expecied
to lead to new svenues of experimentation. However, the existing date give
10 bagis to doubb that an essential organizational uniit corresponding to
the content of an intact cell is still required for the persistent viabiliity
of the protoplastic elements,

An interesting corroboration of these proposals comes from the behavior
of a mutant of E, coli (B, Davis) which requires dieminepimelic acid (DAP).
This substance had been found to be a unique constituenit of the cell walls
of a mumber of bacteria., The mutant cells, when deprived of DAP in a pro-
tective medium, undergo the same transformations (protoplasts and I~colonies)
as described for the effect of penicillin, When DAP is restored to these
forms, they then revert to ths bacillary type., However, as DiAP does not ree
verse the antiblotic effect of peniciliin, compounds relate to different as-
pecis of cell wall synthesis. A systematic search is underway for other
biloasynthetic mutants defective in wall formation,

It is still uncertain exactly what reaction is inhibited by penicillin,
The penicillin-protoplasts appear tc be limited only by a thin residual
membraney however, india-ink preparations show a prominent but transparent
capsule: Immunological tests are contemplated to determine whether this
capsule repressnts the remains of the old wall, or the accentuated develop-
ment of a carbohydrate (capsular, K) antigen, When 2 protoplast is lysed in
water, it does not freely dissolve; instead, indis-ink preparations show =
large clear area, probably the cell-contents in a gelatinous lump, which may
help account for the persistence of protein- synthetic¢ preparations in partial
lysates (Spiegelman), ,

(The foregoing observations are being coordinated inte a manuseript for
publication in the near future),
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Trapsductlon of Gsl factors, Propbage linked jransduciion (M. L. koves,

E, M. Lederberg and J, Lederberg)

The transduction of genetic markers for galactose fermentation has
been recounted in previous roports and published in detail. Briefly,
the phage, A\, can transmit the Gal markers of a lysogenic domor bacterium
to 2 sultable recipient, This reaction can be symbolized donor--x reci-
pient, In the simplest case, Gal’ --x Gal™—3Gal*, the transduction is
deiected by the occurrence of Gal (galactose-positive) clornes among the
Cal™ recipients, Further study has shown that an intermediate "heterogenote”
often pereists, a clorne which carries the (exopenote) donor fragment to-
gether with the intact recipient chromosome, & later step may be an _
eschange between the exogencie and the chromosome, viz.,; Gal® —wx Gal —
Gal* ex/Gal™—Gal”,

More intimate studies have involved combinations of different Gal™
mutantz, Thons 1«2+ (an abbreviated symbol for Gall" Gal, *) wex 142- —3
o2t ex/140w =3142%, 140a, 1a2+, 1a2= and other mofe comPlex types, Further
research has been devoted (1) to the physioclogical relations of differert
mutants (2) to the concomitant behavior of prophage ina transduciion and (3)
tha effects ol irradiation of the phage,

a, Almost all galactose-regative mutants are closely lir'-sd to one
another, Their linkage sequence has however not been determined as yet.
Yo dafinite recurrences of mubtations at the same locus have bsen identifised.
A geries of st least 12 distinct loci has been established already,

b, Kalckar and Kurahashi (at N.3.H,, Bethesda) have worked out the enzy-
matic steps in galactose fermentation, according to the following scheme:

1. Gzlactose + ATP ¢}Galactose ~1-P + ADP (galactokinace)
2. Gal wl«P +UDP Glu «20DP Gal + Glun -1-P, %:ransferase)
3. UDP Gal<4UDP Glu (epimerass)
Sure Gal + ATP~)Glu =1-~P + ADP by the
Then Glu ~1-P=>00,,, lzctic acid/gereral glvcolytic patimey.

They have also amalyzed the enzymatic defects of a number of mutanis,
Group & (Gal 2, Gal 8) lack gzlactokinase, Group B (Gal 1, CGal L, Gal 6,
Gal 7) lacks the transferase, ard tims corresponds to the genetic disease,
congenital galactosemia, in man, Ko epimerase mutants have been found so
far. (See Kurshashi, K. 1957 Enzyme formation in galactose-negetive mutants
of Escherichia coli Science 125, 114-116).

e, Certain hetsrogenotes, ¢.g., 1+2-/1-2+ give a normal wild type,
galactose positive reaction, However, others, l+l=/l-h+ are galactose-
megative, in contrast to 1+h+/l-l., galactose positive, That is, Gal 1/Cal
l; forms 5 cis-trane positiop~effect group, In sum, Gal 1, Cal }, Gal 6,
Gal 7 form one position effect group (or "cistron"«-Benzers, any pair from
the group giving a cis-trans position-effect. Gal 2 and Gzl & form 2 sscond
cistron, (ombimationz of a mutant from one cistron with one from the other
are galactose positive, Thus, as far as these expsriments go, each eistron
correspords to one enzyme,

However, one other mutant, Gal 3  shows position-effscts with both
cistrons, Its enzymology is not yet known,
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Current theories of pzencesnzyme relationships are converging on 2
linear correzpondence bewe,ecn the informational content of a protein pro-
duct, and of a polymucleotide siring in the chromosome. Many experiments
are in accord with this simple correspordence, e.g., the relationship

between the group 4 and B cistrons and the eanymes, For Lais r‘eaqon, it
is especilally important to analyze apparent exceptions, like Gal.™ é to sce

whether they support, or contradiet what may be an oversimplified schenme,
Prophage relations in transduction.

The only markers known e be transduced by lambda are the Gal compiex.
A concerted ssazrch for additional transducible msrkers is underway, so far
without success, The phage obisined by lytic growth is ineffective, and it
must be obtained by the ulira-violst llgh‘b mc?uetion of lysogenic donora.
Since Gal is the conly marker closely linked to lambda (Lpni in sexual crozses,
its gpecificity in transduction is comnected with this 1inlmge to the pro-
phage. In fact, wben lambda infects a sensitive cell, amd lysogenic survivors
are obtained, this may be considered a transduction of the lambda prophags.
When this is coupled with Gal, we may write:

o h:d +
Ga1” Lpt --x Gal” Lp~ —’;%Ga,‘f Ip .

As the phage from heterogenotes has a very high efficiency of transduction,
we have been able to study irdividual transformed clones, These ars in-
variably mixsd with unchanged Gal™ I “ns cells, which pmbably arg the unine-
fected sogregants from the multimucieate indtial ceg,l,, The Gal components
of these transductional clomes have usually been Lp , a minmority {about 1/3)
give the Lp¥ (immone) reaction. The Lp, or prophage is therefore dircctiy
associated with Gal' transduction, ¥e will now deal with exporiments de-
signed Yo lock for the segregation of prophage from heterogenotic cells;
where Gal is segreg*tinga

1. cal® Lp —x Gal Lp+. When both parents are lysogenic, the
heterczenotic v:rs;rem? are pnm 1ysogenif*, as expected on almos any nypothesis,

20 Gal* Lp® wex Gal™ Lpf Two types are found, a) Gal /Gal” which
are pure lyscgsnic, that is either homogenotic (Lp */Lp") or hemogemotic {(Lu™)
for mp}maee This would seem o contradici the expectation that ursn*‘r’gu

is co pled with Gal, snd therefore should segregate with it, b) Gai*/Cal”
which give the immane (Lp¥) reaction., However, theze types ape invariably
unstable: a'_*;.}, haploid segregants (with respect to Gal) are Lp~, and vwice versa,
while all Lp* derivatives are still homo- er hotero-gonotic for Gal, and gub-
jeet to further segregation. Ounr first hgpothapm was that 1I:.his type was
segregating for & defective prophage, Lp¥/Lp®. However ac wo 1p° homegenotes
have en found, it seems more Likely that the Immune p!mnotype iz either an
Lp /Lp s homogenotic for the Lp -than%wprophagﬂ or an Lp® on which the exo-
genote confers immunity. Since this would imply that the exozenote carvisg =t
least part of ihe prophage, the two hypotheses are more or less equivalond.
Far further discussion, we will postulate that this phenotype is Gal TP A
Lp®, and abbreviate the prophage condition as I L™, ibe immundains effeck
the exogenotic Lp would then be either a dosag\:" effect of Lp® (w“; >
compensation, cf. the sensitive phenotype of Lp®/Lp &omnz;;gem 8) OF §
effect of Lp® in the axogemtic lecation, On this formmlation, the me:
a) is also homogsnotie, Lp*/Lp’,
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This hypothesisz does not cxplain why no segregsilior nrovhace helerosonnios;
Lp /Lp® ave found, and we simply have to resort to =d hoe proseriphions againsd
this type. This type of segregetionm would be the ornly tanglble svidence for
our hypothesis that the prophage is coupled with Gal in the exogenote, The
deeper significance of this hypothesis is the homology between prophage and
other segments of the bacterial chromosome,

3. a1’ Lp+ wex Gal Lps/ Gal~ Lps ( that is, homogenotic recipients),
This transduction has not been sufficiently studied. However, they have been
found to give lysogenic heterogenotes, which then segregate to give Lp', Lp'S,
and Lp® progeny, as if they were Gal® Lp'/Gal” Lps/Gal‘b'Lpsa No effort has
been made to characterize the simple Cal® Lp* / Ge1” Lp® which mieht issuwe, The
result does, howsver, give the most direct support so for for ihe representation
of Lp" on the exogenote. '

ho Gal® Lp® w-x Gal” Lp*. To circumvent the possible pecularities of Lp*/Lp®
(i.e. prophage/sensitive) confrontztions, we have used the h (gost-rangg) mutant
of lambda furnished by Appleyard, here designated simply as Lp*. The usuval re-
gults are, however, pure Ip or, less cften, pure Lp“, Again, we would hawve to
find an ad hoc rule against prophape segregation, Perhaps the Iirst event in
establishrent, &nd a pecessary org for the survival of a hetercgenocie, is 2 cross-
over which ensures homogznosis for the Lp locus. In favor of this lIg the coinci-
dence of Lpt amd Lp'™® heterogenotes in the same primary transductional clone, =s
has been observed once or twice, i.e., these wovld be the complementary Lp'/lp®
and LpS/Lp® homogenotes from the initial, forbidden Lp®/Lp®.

5, 0al* Lp' e=x Gal® Lpr. The recipient here is a haploid, imrune (defective
prophage) type, not to be confused with Lp'®, The results are mostly Lp*, with
rare Lp' heterogenotes, This is, therefore, amalogous to experimsnt k. Onz or
two types which behave as if Lp*/Lp® were also isclated, bub the segregatiocral
coupling of Lp to Gzl was nobt maintained, This i3 not understeod.

6o Thyp. Benzer (1955) has reported that Lp® is killed by certain r mutants
of phage TL, but does not support their growth, while Lp® suppurts mommal grewth
of Thr, This stock iz thercfore a further test cf Broghage goebion, A1 lamhdge
lysogenie and immune stocks, including Lp™®, ard Lp® as well asz Lp /Lp® dipisids
were found to be Timmune! to ThrII“ '

7. Gal Lp¢ PL3LE wex Gal” Lp Phak’. PL3lk is a rew temperate phage, partly
homologous with lambda, described by Jacob, It was used here as an additiomal
means of marking the exogenote in transduction, & wide varicty of lyeogeny-iypes
has issued from this transduction, including Lp , Lp' and Lps i;; various combinailons
with Ph3L* and P4348. The most pertinent one, behaves as a Gal Lp PL3L®/ Gai”
Lp® Ph3k*, 1.e., it is segregating both prophages, in coupling with Gal, Thic
result together with experiment 3, gives strong, but tentative, suppori to ths
exogenotic prophage hypothesis, Ths speciel immuniity relationships between lamiddn
and Pli3li may have something to do with the contrasi between thils resulh and the
simpler experiment 2,

The complexity of these results awaits a unifying generalization. Expswiments
3 and 6 support the working hypothesis of prophage segregation; the others are
equivocal, At issue is the conclusion that the prophage is =i intepral part of
the bacterial chromosome, Its behavior muat be snalysed furiher itc ze2 whethe:r
its peculiarities zre incidsental to a fundamental homology of prophape with other
genss, or whether entirely new principles must be postulated,
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